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Modeling harmonic tremor recorded at volcanoes is an essential practice in im-
proving eruption forecasting methods and warning systems. We model the conduit dy-
namics of quasi-periodic tremor (chugging) recorded at Karymsky, Tungurahua, and
Fuego volcanoes to estimate its source characteristics. Chugging mechanisms are es-
timated using two theoretical models originally derived in Garcés (1997) and Girona
et al. (2019), respectively. Comparisons of the conduit and fluid output parameters
suggests that chugging is primarily limited to near-surface oscillations and outgassing
due to an accumulation of gas between eruptive episodes. The modeled results indicate
clustered release of volatiles exsolved from a deeper magma conduit region, triggered by
an initial explosion. This interpretation is consistent with both infrasonic and seismic
observations at each volcano.
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1 INTRODUCTION
There are currently several models that have been developed and used to esti-
mate and predict the source mechanisms driving the spectral and temporal signatures
of harmonic tremor recorded at many active volcanoes around the world. To date, most
models describe the propagation of acoustic or seismic waves through a medium to a
receiver as generated by the flow of magma through a volcanic conduit or subsurface
piping system. We use and compare the results of two previously developed models to
determine the source characteristics and conduit dynamics of quasi-periodic harmonic
tremor, often called chugging, recorded at Karymsky, Tunghurahua, and Fuego volca-
noes. Previous works (Johnson et al. 1998; Johnson and Lees 2000; Lees et al. 2004)
have suggested that chugging episodes are driven by surface degassing or shallow con-
duit processes, instead of deep fluid flow dynamics as predicted by some models. We
use the models developed in (Garcés 1997) and (Girona et al. 2019) because they both
model the oscillations in the conduit as a potentially shallow process. The results from
these models are compared in order to extract estimated conduit and magma parame-
ters consistent with the geologic setting and observed characteristics of each volcano.
1.1 Geologic Setting and Eruption History
Recent eruptive activity at Karymsky is characterized mostly by small explo-
sions and degassing. Karymksy is a stratovolcano surrounded by lava flows typically
less than 200 years old, as well as a deep hydrothermal fluid system positioned along
the fault patterns and intersections of the basement rock (Leonov and Grib 2005). Erup-
tions of Karymsky are vulcanian or strombolian in type with plumes rising up to 17km
and typically consist of volcanic bombs, ash, and viscous andesitic lava flows (Brait-
seva 1990; Ozerov et al. 2003). The cone is located in a system of several overlapping
calderas ranging to mid-Pleistocene in age (Erlich 1986). Tephra from the youngest
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cone has been carbon dated at about 5.3ka (Braitseva 1990), which is situated within
a caldera about 7.7ka in age and 2.5km in radius (Hrenov et al. 1982). Karymsky is
the most active volcano in eastern Kamchatka Peninsula along the region’s coastal vol-
canic belt (Figure 1). The volcano has undergone two major eruptive cycles separated
by about 2300 years. The most recent volcanic activity began in 2001 and continued
steadily until 2016 with sporadic episodes until September 2016, whereas the prior
eruptive episode spanned nearly 12 years between 1970 to 1982 followed by a brief 4-
year active period starting in January 1996. (Ozerov et al. 2003).
Tungurahua is one of Ecuador’s most active stratovolcanoes and is located in the
Ecuadorean Andes about 140km south of the capital city of Quito (Figure 2). Tungu-
rahua’s cone has steep flanks of about 30◦ and an open crater at the summit (Ruiz et
al. 2006). Eruptions are strombolian in type and produce andesitic and dacitic mag-
mas that form into viscous lava flows and pyroclastic flows. Recent eruptive activity
at Tungurahua has produced plumes over 7km (Ruiz et al. 2006) and pyroclastic flows
killing at least five people in neighboring towns. Continuous degassing and jetting sig-
nals have also been recorded during seismoacoustic deployments since 1999 (Johnson
et al. 2003). Historical eruptive activity at Tungurahua includes five major eruptive
periods since the 16th century, the most recent of which began in 1999 and continued
through September 2016 (Hall et al. 1999). The structure of the volcano is comprised
of three edifices dating 14ka for the oldest and nearly 3ka for the most recent caldera
collapse. The present cone has built to about 50% of the previous cone size before its
collapse and has mostly generated pyroclastic eruptive products in the last thousand
years.
Fuego volcano is a stratovolcano located in central Guatemala (Figure 3) with
frequent and historically subplinian and strombolian eruptions. The strombolian aci-
tivity at Fuego typically occurs over long durations of months or, in some cases, years.
Most recently, eruptive activity began in 1974 as a series of four intense (VEI 4) sub-
plinian explosions over a period of a month followed by prolonged low intensity strom-
bolian activity that lasted into 1979 (Martin and Rose 1981). Since then, Fuego’s erup-
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tive activity has been characterized by smaller (VEI 1-2) subplinian eruptions occuring
between 1980 and 2000, and continued activity from 2002 to the present. Currently, the
volcano has produced frequent lava and pyroclastic flows as well as lahars and near-
daily small scale eruptions (Lyons et al. 2009). Lava flows from Fuego are typically
basaltic or basaltic-andesitic in composition and contain high volatile contents of mostly
H2O (Roggensack 2001).
1.2 Seismoacoustic Station Deployments
The data used in this study were collected over three seismoacoustic installations
at Karymksy in 1997, Tungurahua in 2010, and Fuego in 2018. The Karymsky deploy-
ment consisted of 6 seismic stations and 1 infrasonic microphone recording for 9 con-
tinuous days (Figure 1), during which approximately 100 acoustic signals were recorded
(Johnson and Lees 2000). Station KAR1, containing one broadband seismometer and
the microphone, was installed about 1.5km south of the vent. The Tungurahua instal-
lation consisted of 5 broadband and acoustic instruments deployed radially around the
volcano’s vent. Three-component seismometers and infrasonic microphones were co-
located and recorded for a duration of 8 days in 2010 (Figure 2). 7 co-located stations
were also deployed radially around the vent of Fuego volcano (Figure 3) for 6 days in
2018, as well as 4 acoustic stations installed approximately 23km northeast (De Angelis
et al. 2019). All three locations were chosen for this research because of the accessibil-
ity of the data and the distinct chugging signals detected at each site.
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Figure 1: Topographic map of Karymsky volcano in Kamchatka, Russia with station
installation locations during August of 1997. Stations recorded via broadband seismome-
ters for 9 days. A low-frequency microphone was also installed at station KAR1. Major
contour interval=100m; minor contour interval=10m; summit elevation=1.549km.
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Figure 2: Topographic map of Tungurahua volcano, Ecuador. The deployment consisted
of 5 co-located broadband seismeters and microphones installed radially around the vent
for 8 days in May of 2010. Major contour interval=500m; minor contour interval=50m;
summit elevation=5.023km.
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Figure 3: Topographic map of Fuego volcano, Guatemala. The full network recorded for
6 days in 2018 and consisted of 7 acoustic and broadband seismic stations (VF) and an
acoustic array of 4 microphones (Mic) approximately 23km northeast from station VF03
(De Angelis et al. 2019). The Agua volcano vent (also labeled) is approximately 15km
east of the vent at Fuego. The location of the major population centers in the region are
shown in blue. Major contour interval=500m; minor contour interval=50m; summit eleva-
tion=3.8km.
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2 ACOUSTIC PROPERTIES OF CHUGGING
2.1 Characteristics of Chugging
Quasi-periodic tremor signals recorded at Karymksy, Tungurahua, and Fuego
volcanoes are generally characterized by an emergent series of acoustic pulses at 0.6 −
1.4Hz preceded by an impulsive high-frequency explosion. The pulsation sequences of-
ten last approximately 30 − 90s, but can continue up to 10 − 15min. The tremor also
exhibits low-frequency harmonics not observed in similar jetting events or long-duration
explosions, though the acoustic signals are often accompanied by an audible exhala-
tion that is similar in sound to a steam-engine, which has led to the suggestion that
the source may be related to degassing and bubble pressure beneath a permeable plug
(Johnson et al. 1998). The resemblance in sound to a locomotive has also led to these
events often being referred to as chugging. (Benoit and McNutt 1997).
Acoustic signals resembling quasi-periodic harmonic tremor have been observed
at several volcanoes around the world, including Karysmky, Russia (Lees et al. 2004),
Tungurahua, Sangay, and Raventador, Ecuador (Ruiz et al. 2006; Johnson and Lees
2000; Lees and Ruiz 2008), Arenal, Costa Rica (Benoit and McNutt 1997), and Fuego,
Guatemala (Lyons et al. 2009). Despite the geological and dynamic differences of these
volcanoes, recorded chugging events at each site share nearly all of the frequency and
physical characteristics described in this section; a typical chugging sequence recorded
at Karymsky volcano is shown in Figure 4. Other characteristics of chugging include
(1) a 10− 50s time lag between the initial explosion and the emergence of the following
tremor, (2) an asymmetry about the mean amplitude favoring the positive amplitudes,
(3) gliding of the dominant frequency between 4s and 100s, (4) double periodicity, and
(5) in some cases an intermittent sequence of several (up to 4) descrete pulsation series
(Lees et al. 2004).
Chugging signals have also been recorded by broadband seismometers, but many
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of these common characteristics, such as amplitude asymmetry, are often not present in
the seismic data. It has also been noted that there is a linear relationship between the
time interval between individual chugging pulses and the pulse amplitude, which is not
characteristic of linear resonance in a conduit body, leading some to suggest that stand-
ing wave models (Garces and McNutt 1997; Garcés 1997; Chouet 1985) and deep chan-
nel flow models (Julian 1994; Aki et al. 1977) do not adequately describe the source
mechanisms of chugging.
Figure 4: Characteristic chugging sequence recorded at Karymsky volcano in August,
1997. Time series are shown for the seismic and acoustic signals recorded at station
KAR1, filtered with a Butterworth bandpass filter 0.2−7Hz. The chugging signal emerges
approximately 44s after the initial explosion in both records. The Fourier spectra for both
signals are shown in the right panels and are calculated only for the chugging window in-
dicated by the vertical red dashed lines. The acoustic and seismic dominant frequencies
are 0.60Hz and 0.64Hz, respectively.
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3 DISCUSSION OF HARMONIC TREMOR MODELS
3.1 Overview of Existing Tremor Models
We compare the synthetic signal output of two models that have been used in
previous studies to estimate the physical parameters of the acoustic signatures of vol-
canic chugging signals recorded at Karymsky, Tungurahua, and Fuego volcanoes: (1)
the oscillating gas pocket model and (2) the three-layered conduit resonance model.
The oscillating gas pocket model (Girona et al. 2019) suggests that harmonic tremors
are generated by volatile mass injection into an unstable gas pocket directly beneath a
permeable solid cap. The second model used in this analysis adapts theoretical calcula-
tions developed in Garcés (1997), which models the magma column as a three-layered
resonating conduit, similar to a Helmholtz resonator, allowing pressure waves to travel
longitudinally through the magma and into the atmosphere through a vent at the top.
These two models will be discussed in greater detail in Sections 3.2 and 3.3. Basic ge-
ometries and variables for the models are shown in Figures 5 and 7 for the gas pocket
and three-layered conduit models, respectively.
Several other models have been proposed to describe the spectral and temporal
characteristics observed from seismoacoustic harmonic tremor signals. Aki et al. (1977)
proposed that the source processes of harmonic tremor recorded at Kilauea volcano,
Hawaii are a result of shallow magma transport through crack beneath the surface. The
model describes a process of randomly occurring extensions of fluid-filled cracks to ac-
commodate excess hydraulic pressure in the magma. Many models have since built on
the theory that the source of certain harmonic tremor signals are by generated fluid-
elastic behavior of magma flow through shallow or deep volcanic crack systems. No-
tably, Chouet (1985) models the source of tremor seismicity as a vertically buried cylin-
drical resonator coupled to a homogeneous halfspace. The cylinder is then triggered at
the vent, which causes the outward propagation of a long-period volcanic event. Later,
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similar theoretical methods were used by (Julian 1994) to model tremor-generating
processes as analogous to the resonance in a wind instrument. In this model, nonlin-
ear oscillations are excited into motion due to the flow of an incompressible Newtonian
fluid through a deep viscoelastic channel. The elasticity of the channel walls allows for
chaotic oscillations into the surrounding medium. While these models are able to ac-
count for many of the characteristics observed in some harmonic tremor signals, such
as period doubling and mid-tremor frequency changes, they do not explain the discrete
nature or regular frequency unique to chugging sequences (Figure 4).
Tremor has also been modeled as a shallow conduit process, where oscillations
are driven by the pressure dynamics or physical characteristics of the near-surface. Lees
and Bolton (1998) quantitatively model the physical parameters of degassing volcanoes
similar to a venting pressure cooker, in which gas is periodically released via a plug,
continuously balancing the pressure in an unstable equilibrium between the external
downward force of the cap and the internal pressure of the body due to a constant flux
of gas from a deeper conduit system. Experimental methods have also been applied to
describe harmonic tremor as an outgassing flux-driven process (Hellweg 2000). Other
models have described the source of tremor as horizontal swaying of a magma column
(Jellinek and Bercovici 2011; Bercovici et al. 2013), repetitive pressure transients from
bubble bursting (Lesage et al. 2006), and a repeating exploding source in a resonant
conduit (Garces and McNutt 1997). The equations shown in this section were origi-
nally derived in Girona et al. (2019) and Garcés (1997), and are expressed either as
they were presented in these texts or in an adapted form to accommodate the modifi-
cations necessary for the analysis of chugging signals.
3.2 Oscillating Gas Pocket Model
3.2.1 Overview and General Solution
Girona et al. (2019) model shallow volcanic tremors as periodic pressure oscilla-
tions originating from gas accumulation directly beneath the crater of an active volcano
− approximately 5-40m beneath the crater surface. The model assumes that the ob-
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served pressure oscillations can be modeled as a linear harmonic oscillator and are the
result of three processes occurring synchronously in the upper part of the conduit as
illustrated in Figure 5:
1. Transient flow of gas through fractures in the permeable cap: The cap is formed
due to cooling and volatile depletion in the uppermost part of the conduit be-
tween eruptive episodes. Gases flow through the solid medium and into the en-
vironment above the surface (i.e. atmosphere, crater lake) via fractures or con-
nected porous features in the rock.
2. Accumulation of a temporary gas pocket below the cap: A cavity is formed be-
neath the permeable cap where volcanic or hydrothermal gases become trapped
periodically until being released into the atmosphere.
3. An indiscriminate supply of volatiles from upwelling magma in the lower parts
of the conduit : The vertical transport of volatiles from a deeper gas cavity oc-
curs through interconnected bubbles in solidified or partially solidified magma.
Transport could also occur through magma convection or volatile exsolution.
The formation of the cap occurs during magma cooling and volatile depletion
in the uppermost part of the conduit during transition into a period of volcanic quies-
cence. Following an eruptive phase, magma solidifies and adheres to the outer bound-
aries of the upper conduit to form a cap or lava dome. A concurrent withdrawal of
volatiles from the uppermost conduit space permits gas release into the atmosphere
through the remaining void area. Volcanic or hydrothermal gases that become trapped
beneath the permeable cap are released into the atmosphere periodically as pressure
builds during eruptive episodes. The vertical transport of gas bubbles into the gas pocket
is the mechanism for pressure oscillations that are propagated to the receiver; pressur-
ized packages of gas traveling from the magma chamber can then be modeled to burst
upon impact at the gas pocket and subsequently cause resonance within the pocket.
The subcap gas pocket of thickness D expands as volatiles are supplied from the magma
chamber until reaching a critical thickness represented by
11
Figure 5: Simplified diagram illustrating the geometry and mechanism for the oscillat-
ing gas pocket model (Girona et al. 2019). Geometric variables include the initial pocket
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where R is the molecular gas constant, T is the temperature, S is the cross-sectional
area of the conduit, and M is the molecular weight of the gas. Equations for the coef-
ficients determining the non-dimensional geometric constants of the gas pocket (a0,1,2)














where the damped harmonic oscillator coefficients and constants (Γ1,2 and γ0,1) are also
found in 7.1. The mass of the gas impulses (qm) and the instant at which the bubbles
approach the gas pocket (tm) are controlled according to discrete pulses in the signal
or as randomly distributed impulses. The pressure of the oscillating gas pocket is then





















where Pres is the determining parameter for the physical and geometrical properties
resonance of each oscillation due to a single mass impulse and Pexc accounts for the ex-
citation mechanism of the source. Thus, the convolution of the excitation mechanism
with the impulse resonance over time determines the pressure change inside the oscillat-
ing cavity.
3.2.2 Derivation of Equations
In Section 3.2.1, three model processes were discussed for the excitation and res-
onance of the gas pocket: (1) gas release through a permeable cap layer, (2) the trap-
ping of gases beneath this layer, and (3) a constant and random supply of volatiles
from a deeper gas exsolving multiphase magma. The first process follows a one-dimensional
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Table 1: Constants and variables for the oscillating gas pocket model.
Parameter Value Units Description
µg 1e
−5 Pa s Gas viscosity
T 1000 + 273.15 K Gas temperature
M 0.018 kg/mol Molecular weight of gas
(water vapor)
Rg 8.3145 J/molK Ideal gas constant
Q 2 kg/s Mean gas flux
Pex 101325 Pa External pressure
R 25 m Conduit radius
S πR2 m Conduit section
L 20 m Cap thickness
D 0.03 m Gas pocket thickness
κ 1e−8 m2 Cap permeability
κ∗ 4.72 ∗ 1014κ1.87 m2 Forchheimer permeabil-
ity
ϕ 0.0001 % Cap porosity




Qf 20 Quality factor
Navier-Stokes equation for the momentum of gas and fluid transfer through a fractured






















where p represents the pressure variation with respect to time and depth, ν(z, t) =
q(z,t)
Sρ(z,t)
is the vertical discharge of gas through the cap (where q(z, t) and ρ(z, t) are the
mass and gas density flux respectively). Definitions for the remaining variables in Eq.
(5) can be found in Table 4. The left hand side term of Eq. (5) is the pressure gradient
in the vertical direction. The first and second terms on the right hand side of Eq. (5)
are respectively derived from Darcy and Forchheimer principles and together account
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for the significant effects of the gas viscosity and inertial forces in high Reynold’s num-
ber regimes (Re ∼ 1 − 10) through a porous medium. Irregular surface geometries of
the fractures within the cap as well as the high flow-rate of the gas justify the use of
the Forchheimer term for the inertial correction on Darcy’s equation in the preceding
term (Bejan 2013). The Forchheimer term is neglected, however, for model simulations
because the of the high permeability (κ ∼ 10−12 − 10−7m2) estimated or measured for
most volcanic domes or edifices (Bernard et al. 2007; Collinson and Neuberg 2012; Klug
and Cashman 1996). This term also accounts for the non-linear pressure variations in
space. The final term in Eq. (5) accounts for the discharge and drop in pressure as the
fluid is accelerated through the cap, which is small relative to the pressure gradient at
the surface. Analysis through linearization, integration, and algebraic rearrangement of
Eq (5) leads to


















where P is the pressure in the gas pocket, the auxiliary parameters βa,b,c,d are constants
containing geometric and fluid properties including the cross-sectional area of the con-
duit (S), the cap porosity (ϕ), the molecular weight of the gas, the ideal gas constant,
and the temperature (T ) and viscosity (µg) of the gas. Equations for βa,b,c,d are found
in 7.1. Qout(t) in Eq (6) is the mass flux of gas being released from the cap with re-
spect to time. The parameter cn(t) contains the Taylor series expansion coefficients for
the mass flux of gas out of the system and is given for the first two iterations by























for all remaining iterations (n ≥ 2). We can now characterize the total mass flux in





where min(t) is the amount of mass present in the gas pocket and D(t) is the pocket





















where βe is defined in 7.1. Thus, the change in pressure over time is a function of the
mass flux of volatiles to and from the gas pocket. The gas flux input is modeled as a





where qm is the mass of the gas impulse, tm is the time of the impulse, and N is the
number of mass impulses allowed during the simulation. By choosing a constant mean






where τ is the total time permitted during the model simulation. Individual mass im-
pulses are then calculated by imposing a Gaussian noise variable (Rm) with a random
uniform distribution:
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qm = q̂m +Rm. (15)





















The total number, magnitude, and instant of delivery of the mass impulses is managed
by Eq. (13-17) throughout each iteration of the simulation. Modeling the system as a







+ Γ0∆P (t) = Fd(t) (18)
where the damping coefficients Γ0,1,2 and γ0,1 are a set of coefficients dependent on par-
tial sums of the Taylor series approximation determined in Eq. (9) and are defined in
7.1. This equation is evaluated analytically in the time domain by solving Eq. (13) us-
ing a Heaviside function and defining ∆P (t) = P (t)−P0 where P0 is the pressure of the
gas pocket in steady-state:
















Eq. (19) calculates the pressure evolution in the gas pocket in the time domain where
tm is the instant at which the random noise is applied and time intervals are defined
as ∆tm = t − tm and iterated using the Heaviside function H(∆tm). The functions C̃








√∣∣∣4Γ0Γ2−Γ214Γ22 ∣∣∣ embed the Taylor polynomial coefficients necessary for
the calculation. From Eq. (19), we arrive at the solutions for the excitation mechanism
and resonance structure (Eq. 3-4) of the gas pocket.
3.2.3 Implementation of Oscillating Gas Pocket Model
The oscillating gas pocket model from Girona et al. (2019) is implemented to
construct an interpretation of the quasi-periodic harmonic tremor signals recorded at
Karymsky, Tungurahua, and Fuego volcanoes. Values consistent with typical degassing
regimes were utilized for the fixed parameters including gas viscosity (µg = 10
−5Pa s),
temperature (T = 1273.15K), and cap porosity (ϕ = 0.0001%). Unknown variables
include the cap thickness (L), initial thickness of the gas pocket (D), and the perme-
ability of the cap (κ). To analyze the data with this model, volatile impulse injections
are applied at the instant that each peak occurs in the signal for amplitudes greater
than a predetermined threshold. The mass of the impulse is also adjusted according to
the amplitude of the peak. Thus, wavelets of varying magnitude (Pres) are added to the
synthetic signal progressively with time and proportional to the amplitude of the peaks.
Mass impulses are concentrated at the time of the event, indicating a sudden supply of
volatiles to the gas pocket as shown in Figure 6 for a single sequence. Input parameters
defining the frequency boundaries of the model are provided in Table 2. Applying this
variation of the methods described in Girona et al. (2019) to a recorded signal provides
an estimate of the properties of the magma mixture, as well as an understanding of the
exsolution and bubble ascension regime.
3.3 Three-sectioned Conduit Resonance Model
3.3.1 Overview of Model
Garcés (1997) approaches the modeling of harmonic tremor by separating the
conduit into three layers, each with a distinct set of geometric parameters and acous-
tic properties (i.e. the viscosity, dimensions, fluid density, and sound speed must be
18
Figure 6: Mass impulse times and magnitudes as a function of the amplitude and time
of the peaks in the signal for a single pulse sequence at Karymsky. The resonance wavelet
is applied at each impulse corresponding to the time and mass of volatile injection. The
threshold for the signal peaks shown in (a) is 0.0001Pa. Oscillation in the gas pocket is
controlled by the excitation mechanism (b) and the impulse mass (c).
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Table 2: Parameters and definitions passed to the model. Parameters τ and N can be
fixed prior to running the model or adapted to fit the impulse timing of a tremor signal.
Parameter Value Units Description
fmax 50 Hz Max frequency
to be reached
during simulation
dt 1/fmax s Sampling rate
τ 50 s Seconds of simu-
lation
fsamp 1/τ Hz Sampling fre-
quency
t 0 : τ s Time
N 1000 Number of mass
impulses in τ
seconds
specified for each section of the conduit). Thus, the impedance relationships and con-
duit shape in this model primarily determine the resonance structure within the magma
conduit and the propagation of pressure through the atmosphere from the vent. Gas
particles in the uppermost layer (L1) are held above the magma fragmentation level in
a continuous vapor phase. For shallow eruptive sequences, the fragmentation zone may
approach the opening to the atmosphere; in this case, the transition between the L1
layer and the fragmentation region of the conduit may not be distinguishable and the
lower L2 section can be modeled as either extremely short or negligible. The L2 length
of the conduit is composed of gases organized into a two-phase flow regime where volatile
exsolution begins at the boundary between the L2 and L3 layers. The deepest layer
(L3), just above the magma source, is defined as a region of homogeneous flow due to
steady decompression in the L2 section and constant fluid injection from below. The
magma conduit geometry and variables are shown in Figure 7 and are closely based on
the magma flow model presented in Papale and Dobran (1994). Generally, due to the
composition and flow regimes in each section of the conduit, the model should exhibit a
behavior of increasing sound speed, density, and viscosity with depth.
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3.3.2 Equations and Solution for the Acoustic Wavefield
For a three-layered conduit where the subscripts i ∈ 1, 2, 3 represent the con-
duit section and parameters in the atmosphere are given the subscript 0, the Helmholtz








respectively, where ki = ω/ci = 2πf/ci is the wavenumber and z is the depth positive
downward. In this case, Gi represents the velocity potential in each layer of the conduit
and can be transformed into the fluid velocity (Ui) and pressure (Pi) of each section by
Ui = −∇Gi (22)
Pi = jωρiGi (23)
where j is an imaginary unit and ρi is the magma density. The boundary conditions for
this model dictate that the source of flow of magma into the conduit is restricted to the
bottom of the deepest layer L3. The impedance conditions at each boundary, Zi, can













where Si and ci are the area and sound speed of the magma layer respectively. During
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Figure 7: Simplified diagram demonstrating the geometry and mechanism for the three-
sectioned conduit resonance model Garcés (1997). Geometric variables include the con-
duit section length Li, cross-sectional area Si, and distance from the vent to the recording
microphone r. Fluid properties such as the magma density ρi, viscosity µi, and sound
speed ci are unique to the flow regimes in each section of the conduit. Figure adapted
from Figure 1 in Garcés (1997).
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an eruption, the vent at z = 0 is open to the atmosphere and the impedance condition,
Z01, approaches zero, while the cross-sectional area at the boundary, S0, approaches
infinity. Thus the reflection coefficient for normal incidence at z = 0 is R01 = −1.












is an absorption coefficient, which is a function of the relaxation time τi. Both αi and
ki are calculated across all frequencies in each section of the conduit. The viscosity of





where µi is the dynamic shear viscosity and µb is the dynamic bulk viscosity of the
magma (Medwin and Clay 1998). The effects of attenuation on infrasound propaga-
tion through the conduit is determined by adding a time-dependent term to Hooke’s
Law for pressure in an elastic body,




where b is a constant. The relaxation effects experienced in the magma body are sensi-
tive to the temperature and depth (i.e. ambient pressure) of the fluid. To address these
effects, we apply Newton’s second law for acoustics considered in a Lagrangian coordi-
















which takes the form of the wave propagation formula traveling in the z-direction. The
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solution for Eq. (31) is then
ρ = ρ0e
i(ωt)−(ipr+α)z. (32)













c2(1 + ω2τ 2)
)
(33)
which is evaluated by equating the real and imaginary components simultaneously to
obtain the expected exponential attenuation rate shown in Eq. (28). The sound speed
in the numerator of Eq. (28) is the dispersive speed of the medium, but by considering
only the low-frequency limit where the acoustic wavelengths are greater than the hor-
izontal width of the conduit section through which it travels, the dispersive speed (cd)
is only different from the sound speed in the magma (c) by approximately 1% (Medwin
and Clay 1998). Therefore, we can assume that cd = ci. The equation for the molecular
relation time τi in Eq. (29) is derived by using a simplified version of the Navier-Stokes
equation that neglects the convective terms and introduces two terms addressing the
dynamic shear (µ) and bulk (µb) viscosities. Considering only the z component of the















where u is the fluid velocity. Differentiating Eq. (34) with respect to z and considering


























where the Bernoulli relationship p = ρc2 (or c2 = ∂p/∂ρ) for static pressure in the flow
is maintained. Comparing this form of the wave equation and the form presented in
Eq. (31), we obtain the relaxation time τ provided in Eq. (29). Using τi and αi, which
is a function of the relaxation time, in each section of the conduit, we can calculate the
complex wavenumber (Eq. 27) across all frequencies.
The resonant modes in the conduit are defined by a dimensionless term, Dres,
which is a function of the sound speed, density, and viscosity of the magma. The modal
structure of the acoustic field in the conduit is characterized by the magnitude of 1/Dres.
The function, Dres, is determined by
Dres = g1e
q2(R32e








q1 − eq1 . (40)
In the far-field, the sound propagation in the atmosphere is driven by the Fourier trans-













where the constants Kx and Kz represent the resistance of a coupled oscillator with





ρ1c1(Ẑ21 + 1)(Ẑ23 + 1)Dres
(43)
which is a function of the modal structure of the magma conduit, Dres, and the fluid
injection velocity at the lowest termination of the conduit (z = L), U . In the frequency









where umax is the maximum source particle velocity, γ is the exponential decay con-
stant, and n is an integer. From Uz, we obtain the far-field solution for the pressure in
the atmosphere recorded by a receiver at distance r meters from the vent:




where k0 = ω/c0, ρ0 = 1kg/m
3, and c0 = 320m/s are the wavenumber, density and





is an angle-distribution factor estimating the amplitude of the acoustic signal propagat-
ing away from the center of a rectangular vent with dimensions a and b in a direction
defined by θ = −z/r for all z (Morse and Ingard 1968). Generally, the pressure field is
a function of the coordinate vector r = (r, ϑ, ϕ). For a radial distance from the vent r
much greater than the width of the vent (a or b), we get











Assuming that the effect of factor fω is non-neglegable and the admittance β is con-
stant, this expression can be simplified by rotating the coordinates axes of the velocity
distribution uy(x, z, t) at the surface to X0 and Z0, where x = X0 cosϕ − Z0 sinϕ and
z0 = X0 sinϕ + Z0 cosϕ. The axis X0 is the intersection of the rz − xz plane and Z0
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along the xz plane is perpedicular to rz. By defining a new coordinate system, the ve-
locity distribution becomes uz = (X0, Z0, t). Then, the expression for the pressure field


















eiωTu(X0, Z0, T )dT
(48)
which, after integration, becomes

















where T is the time-lag of the autocorrelation function. In this case, the admittance at
the atmosphere-vent interface, defined as β = −ρcU/P , can be considered constant and
equal to zero for a solid halfspace due to the large impedance contrast at the boundary.
For a rectangular vent, the acoustic wave propagation in the conduit is modeled sim-
ilarly to a transient pressure wave generated by a piston moving along a planar rigid
wall. For a piston with rectangular dimensions a and b, the integral is considered from
the center so that the integral boundaries are ±1
2
a in the x0-direction and ±12b in the
z0-direction. The far-field solution for pressure is then





















x0 cosϕ+ z0 sinϕ
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which utilizes a first order Bessel J1 function (Medwin and Clay 1998). This equation
for the pressure propagated from a rectangular vent is true for all distances r from the
vent, but can be written in the simple forms shown in Eq. (45-46) when r  a, b.
3.3.3 Implementation of Three-Layered Conduit Model
A source model is used to determine the amplitude envelope of the synthetic
output signal. Amplitude envelopes for signals recorded at each volcano are used to
develop a relationship that accounts for the turbulence in the flow, which excite the
pressure oscillations propagated to the receiver (Garces et al. 2000). The envelope of
the recorded signal is used to predict the mass and energy flux at the source by
u = (umax + urΨ)f(t) ∗Wb (54)
where umax is the maximum flow velocity at the source of conduit resonance, f(t) is
the amplitude envelope of the recorded signal, and Wb is a low-pass Butterworth filter
(Garces et al. 2000). The remaining variables introduce a uniform random distribution
of oscillations given by Ψ = −1 : 1 and a noise damping parameter ur = 0.95umax. The
amplitude envelope of the tremor signal is proportional to the transient fluid mass flux














and its inverse Fourier transform
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Figure 8: Calculation of the source particle velocity applied to a series of three quasi-
periodic tremor sequences (a) recorded at Karymsky volcano, Kamchatka. The source
particle velocity function is given on the left axis of (b) with the proportional mass flux of
the inject fluid indicated on the right axis. The Fourier transform of the particle velocity









Figure 8 shows an example of the mass flux for one chugging sequence at Karymsky, as
well as the particle velocity of the flow and its spectrum. The area below the modeled
envelope is occupied by the oscillations determined by the resonance structure of the
conduit (Dres) discussed in the previous section.
3.4 Approximations and Constraints on Source Mechanisms
The physical representations of the gas pocket model are supported by geophys-
ical observations at several gas releasing volcanoes. For example, chemical and temper-
ature data from the crater lake at Ruapehu volcano, New Zealand suggest the presence
of a single-phase gas or vapor region exsolving from a lower magma solution (Chris-
tenson and Wood 1993). Seismic analysis of harmonic tremor recorded at Ruapehu by
Hurst and Sherburn (1993) suggests that the dominant 2Hz frequency of the signal is
explained by a resonator in the same gas region as proposed by Christenson and Wood
(1993). The concept of gas pocket expansion due to pressurization under a conduit
plug is also proposed as a model for generating harmonic tremor following earthquake
swarms or explosive eruptions at Sakurajima volcano, Japan (Maryanto et al. 2008), as
well as for regular gas venting and tilt (inflation/deflation) cycles observed at Santia-
guito volcano, Guatemala (Johnson et al. 2014). These conduit structures have been
inferred to provide a physical coupling of shallow resonance supported by seismic data
and continuous surface gas release observed at each volcano. Many of the individual
parameters used in the oscillating gas pocket model are not well constrained, but are
used to link the observed characteristics of shallow tremor to the subsurface dynamics.
The theoretical calculations performed by the layered conduit model are taken
from first principles of a resonating chamber. The physical parameters determining the
output of the model are not empirically constrained, but the model has been used in
several studies to model harmonic tremor recorded at several volcanoes including Are-
nal (Garcés et al. 1998) and Pavlof (Garcés and Hansen 1998). The resonating buried
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conduit concept detailed in Garcés (1997) is based on equations derived in Garces and
McNutt (1997), Chouet (1985), and Buckingham and Garcés (1996).
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4 MODEL MODIFICATIONS
4.1 Numerical Parameter Optimization
Results from the oscillating gas pocket model and resonating magma conduit
model are compared to determine the geometric and physical properties of the conduit
and fluid that best explain the quasi-periodic signals recorded at Karymsky, Tungu-
rahua, and Fuego. We apply a root-mean-squared residual (RMS) condition to a con-
strained Nelder-Mead (NM) optimization algorithm to determine numerical estimates
of tremor source parameters. The NM, or simplex, optimization method is a heuristic
downhill search technique, which minimizes an objective function (in this case, a RMS
residual) by constructing a polytope with n number of dimensions and n + 1 vertices
(Nelder and Mead 1965). In order to optimize the function, the algorithm takes a se-
ries of steps in the steepest gradient direction toward a minimum. The initial simplex
structure is defined by the starting parameters given to the algorithm, which is then
transformed with each iteration.
This optimization method was chosen to numerically minimize these volcanic
tremor source models because it is capable of bounding the output parameter range
and will restart from a new initial simplex if a false valley is reached until a successful
convergence is achieved. NM is also a commonly used optimization technique because it
is comparatively time-efficient relative to other methods such as the Spendley method
or many global convergence optimizers. The bounded NM function nmkb from the R
package dfoptim (Varadhan et al. 2018) is used with a RMS objective function deter-
mined by the difference between the output model synthetic and recorded tremor data.
4.2 Fixed Parameters and Constrained Variables
Although both the three-layered conduit model (Garcés 1997) and the oscillating
gas pocket model (Girona et al. 2019) require several input parameters to calculate the
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theoretical result, certain parameters with characteristic values remain fixed during the
simulation, while others are allowed to vary within the constraints permitted in the NM
optimization. Fixed values and varying parameters with bounds for the Garcés (1997)
model are provided in Tables 7 and 8, respectively. Fixed and variable parameters for
the Girona et al. (2019) model are provided in Tables 5 and 6, respectively. Fixed den-
sities (ρi) and viscosities (µi) were chosen based on characteristic basaltic and andesitic
magma compositions consistent with lava flows and tephras observed at each volcano
(Eichelberger and Izbekov 2000; Hanson et al. 2010; Chesner and Rose 1984; Webb
and Dingwell 1990; Kushiro et al. 1976; Grove and Baker 1983). Visual reports of the
vent at Karymsky indicate that its dimensions are rectangular and elongated, suggest-
ing that a 4m by 20m aperture is a valid estimate for the vent geometry when using
the resonant conduit model. Variable parameters fed to the NM algorithm are the con-
duit section lengths Li and sound speeds ci to account for one geometric and one fluid
compositional parameter. Allowed ranges for the sound speed in the upper two conduit
sections, provided in Table 8, are considerably lower than the propagation velocity in
the atmosphere, estimated to be about 320m/s. Two-phase magma flow regimes are
highly sensitive to changes in gas abundance; dramatic reductions in sound speed in
gas-water mixtures from 1440-1480m/s in water to 100m/s after adding about 1% vol-
ume of air have been observed both experimentally and theoretically (McWilliam and
Duggins 1969). Phase changes from pure liquid to a two-phase flow can cause order of
magnitude changes in sound velocity in magma; increase in isentropic compressibility as
a function of 1/p due to the addition of gas, as well as the reduced density of the liquid
magma, causes the velocity to decrease below the expected pure liquid and gas phase
magma velocities. Sound speeds in multiphase flow regimes begin to decrease once ex-
ceeding temperatures around 373K in both pure and mixed phases, and will continue
to reduce below characteristic sound speeds in pure gas phases, thus justifying the ini-
tial sound speeds used in the NM optimization given in Table 8 (Kieffer 1977). Fixed
physical parameters in the gas pocket model include the gas viscosity (µg) and tem-
perature (T ), the cap porosity (φ), and the conduit radius (R). Variable parameters
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include the thickness of the permeable cap (L), the permeability of the cap (κ), and the
initial thickness of the gas pocket (D). These values are given in Table 6 are typical for
the gas and magma compositions observed at all three volcanoes.
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5 RESULTS AND COMPARISON OF MODELS
5.1 Output Parameters
The model output parameters determined with NM optimization are plotted in
Figures 13-18 (7.1) and summarized in Tables 9-14 (7.1). Plots of individual modeled
chugging sequences are shown in Figures 9-11 and 7.1. Comparatively little variance
is observed across output parameters related to the melt composition in the oscillat-
ing gas pocket model, whereas the standard deviation of the speed of sound parameter
in each conduit layer either exceeds or approaches the boundaries initially set at the
beginning of the NM algorithm. The initial boundaries permitted in the NM optimiza-
tion of the cap permeability parameter (κ) in the gas pocket model are relatively nar-
row compared to the layered conduit model. In previous optimization trials, expand-
ing this constraint window does not significantly influence the output synthetic signal.
Therefore, the small variability window effectively fixes this variable across iterations,
while still allowing it to vary within favorable cap permeability values for gas pocket
formation (Diller et al. 2006). Parameters related to the geometry of the system also
generally exhibit lower variance in the gas pocket model. Comparisons of the output
parameters of the two models are difficult, however, due to differences in the model ge-
ometries and magma properties.
5.2 Spectral Characteristics
Resolution of the spectral attributes of chugging data is a primary indication of
the model’s ability to estimate the source characteristics of a pulsation sequence. The
gas pocket model accurately predicts the 0.6-1.4Hz dominant frequency observed in the
data, as well as some secondary dominant frequencies and high frequency noise. The
layered conduit model is in some cases able to resolve the dominant chugging frequency,
but in others the predicted dominant frequency aligns with a secondary peak observed
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in the data. Some synthetic signals produced by the layered conduit model fail entirely
to reproduce the amplitude variations in the time series data or the calculated domi-
nant frequency does not align with any observed frequency peak. The modal structure
in this model is extremely dominant and suppresses interpeak and high frequency fluc-
tuations. Both models do not resolve the characteristic asymmetry often observed in
chugging signals. Comparisons of all modeled chugging sequences are provided in 7.1.
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Figure 9: Oscillating gas pocket (b) and three-sectioned magma conduit (c) models ap-
plied to a single chugging sequence recorded at station KAR1 on August 8, 1997 (a) with
normalized amplitude spectra. The initial explosion occurs 40s prior to the emergence
of the sequence. Model input values are optimized using a Nelder-Mead algorithm. The
signal is filtered with a 0.5-3Hz band-pass Butterworth filter.
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Figure 10: Same as in Figure 9 for a chugging sequence recorded at Tungurahua vol-
cano.
38
Figure 11: Same as in Figure 9 for a chugging sequence recorded at Fuego volcano.
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Table 3: Output parameters from the three-layered conduit model (Garcés 1997). Pa-
rameters were calculated using an iterative Nelder-mead algorithm. The values shown are








L1 (m) 21.223 6.787 19.817 2.030 21.095 5.473
L2 (m) 22.304 5.825 21.677 2.860 20.103 6.522
L3 (m) 22.388 5.067 23.860 1.681 21.871 5.930
c1 (m/s) 129.864 61.265 57.709 54.493 53.187 35.903
c2 (m/s) 76.254 41.956 96.968 49.079 63.377 32.609
c3 (m/s) 1407.574 280.563 1843.546 180.465 1868.271 266.979
Table 4: Output parameters from the oscillating gas pocket model (Girona et al. 2019).
Values were calculated using an iterative Nelder-Mead algorithm and averaged across the


































6 DISCUSSION OF MODELED PARAMETERS
The purpose of this research is to determine a set of reasonable source charac-
teristics that effectively describe the spectral and physical properties of chugging se-
quences recorded at Karymksy, Tungurahua, and Fuego volcanoes. A comparison of
the two models used in this work reveals that these characteristics are better resolved
by a model that describes the mechanism driving chugging signals as a shallow oscil-
lating gas pocket trapped beneath a permeable cap, rather than a conical layered res-
onant conduit. Although dominant frequencies are often resolved by the resonant con-
duit model, in all model trials, high frequency fluctuations and frequency amplitudes
observed in the data are not well constrained. However, the gas pocket model does re-
solve the dominant frequencies and maintain a similar spectral structure in the high
frequency bands to the recorded signal (Figure 12). Thus, we suggest that the oscil-
lating gas pocket model provides an adequate estimate of the source dynamics driv-
ing chugging. The physical interpretation from this model of the conduit suggests that
gases are initially released from a deeper magma chamber due to an explosion. The ex-
solved gases then travel through a conduit in packages or clouds until impacting the gas
pocket. Grouped impacts provide an explanation for the emergent nature of chugging
signals, while a series of multiple rising gas packages could generate intermittent tremor
sequences as observed in some chugging signals recorded at Tungurahua and Karymksy.
The transition time between the gases being released from the chamber and contacting
the gas pocket also explains the time-lag observed in all chugging signals. Using an un-
derstanding of the pressure and fluid dynamics of the magma through which the gases
travel before impact, a model could be developed in the future to estimate the conduit
length between the top of the magma chamber and the bottom of the gas pocket.
The parameter ranges used to estimate chugging source dynamics are constrained
by petrologic and seismic analysis of explosions leading to the formation of a conduit
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Figure 12: Normalized Fourier transform of chugging signals recorded at each volcano.
The top row shows the spectra of a single recorded chugging sequence. The middle row
shows the results of the plugged gas pocket model (Girona et al. 2019) and the bottom
row shows the spectra calculated by the resonating layered conduit model (Garcés 1997).
Columns are organized and labeled by volcano and red dashed lines indicate the domi-
nant frequency of the recorded signal.
plug (Iverson et al. 2006). Low surrounding country rock porosity (φ ≤ 15%) and high
magma flux (Q ≥ 75m3s−1) at z ≤ 100m have been suggested as favorable conditions
for the formation of a thin (L ≤ 60m) solid permeable cap (Diller et al. 2006), consis-
tent with the input ranges and estimated parameters modeled in this research. While
the shallow gas pocket model (Girona et al. 2019) provides a sufficient method for es-
timating many characteristics of chugging and produces output parameters consistent
with observations of typical plugged volcanoes, we do not discount the layered conduit
model for harmonic tremor generated by deeper or larger conduit systems. Within the
scope of this research, we suggest that the plugged conduit model is capable of resolv-
ing many recorded properties of quasi-periodic tremor.
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7 CONCLUSIONS
This research adapted two harmonic tremor models from previous works to esti-
mate the source properties of quasi-periodic harmonic tremor signals recorded at Kary-
mksy, Tungurahua, and Fuego volcanoes. The model developed in Garcés (1997) de-
scribes the volcanic magma conduit conically, increasing in width with depth. The
model is geometrically structured with three stacked layers, each with a unique set of
impedance properties and dimensions, through which longitudinal standing waves are
driven by the injection of fluid from a deeper magma body and propagated into the
atmosphere via an open vent at the top. The second model used in this study was orig-
inally developed by Girona et al. (2019), which models the oscillation of pressure due
to gas bubble bursting upon impact with a gas pocket trapped beneath a permeable
overlying cap.
We suggest that the source mechanisms of chugging are best explained by the
oscillating gas pocket model by Girona et al. (2019) due to the successful resolution of
the dominant chugging frequency of 0.6-1.4Hz and low variance observed in the out-
put parameter values. The model is also consistent with direct observations made at
these volcanoes that chugging events typically occur simultaneously with degassing and
shallow conduit processes. The model predicts an average cap width, initial gas pocket
width, and cap permeability across all three volcanoes of approximately 19.6m, 0.05m,
and 5.0 × 10−9m2. A summary of the parameter values calculated for each volcano can
be found in Table 3 for the layered conduit model, and in Table 4 for the gas pocket
model. These fluid and conduit parameters provide an estimate of the physical dynam-
ics at each volcano, but several processes not addressed by the oscillating gas pocket




Although the oscillating gas pocket model successfully recovered many chugging
characteristics, there are several properties of chugging signals that remain unexplained.
For example, the characteristic asymmetry of many signals observed in the acoustic
data were not resolved by either model used in this study. Additionally, the mechanism
driving the double periodicity in many chugging signals is not well explained by either
the gas pocket or layered conduit models, although the gas pocket model is able to re-
solve the spectrotemporal feature itself. Therefore, a combination of multiple models
could be used to more accurately describe the conduit dynamics driving this process.
The model developed in Lees and Bolton (1998), briefly described in Section 3.1, could
also account for the intermittent nature of some chugging sequences. This model, also
referred to as the pressure cooker model, describes pressurization of magma and gas
beneath a permeable layer, which is similar in structure to the gas pocket model, but
instead predicts that pressure oscillations are produced by resonance generated by gas
flow through an elastic crack. The pressure cooker model also has similarities to the
viscoelastic model in Julian (1994) for deep tremor-generating fluid flow. Combinations
of certain components of each model could provide a better reconstruction of the spec-
tral and temporal characteristics of chugging and more accurate estimates of the fluid
and conduit dynamics.
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APPENDIX A: ADDITIONAL COEFFICIENTS
A-1: Dimensional auxiliary parameters for the gas pocket
a0 = (βaβbL
2 + 2βaβdL)
















































+ Γ0∆P (t) = Fd(t) (66)
Γ0 = 1 (67)
Γ1 =


















APPENDIX B: INPUT PARAMETERS FOR NELDER-MEAD
OPTIMIZATION
Table 5: Nonvariable parameters for the oscillating gas pocket model.
Parameter Value Units Description
µg 10
−5 Pa s Gas viscosity
T 1273.15 K Gas temperature
φ 10−4 % Cap porosity
R 25 m Conduit radius
S πR2 m2 Cross-sectional area
d 1500 m Receiver distance
Table 6: Parameters allowed to vary during NM optimization for oscillating gas pocket
model. Similar starting and bounding values are used for all chugging data.
Parameter Initial value Lower boundary Upper Boundary
L (m) 20 15 30
D (m) 0.03 0.01 0.05
κ (m2) 10−8 0.5× 10−8 2× 10−8
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Table 7: Nonvariable parameters for the three-layered resonant conduit model.
Parameter Value Units Description
µ1 1.2× 10−7 Pa s Magma viscosity in L1
µ2 1.4× 10−8 Pa s Magma viscosity in L2
µ3 1.6× 10−8 Pa s Magma viscosity in L3
µb 1.0× 10−6 Pa s Bulk viscosity
ρ0 1 kg m
−3 Magma density in atmo-
sphere
ρ1 2450 kg m
−3 Magma density in L1
ρ2 2500 kg m
−3 Magma density in L2
ρ3 2700 kg m
−3 Magma density in L3
S1 10 m Cross-sectional area of sec-
tion L1
S2 10 m Cross-sectional area of sec-
tion L2
S3 20 m Cross-sectional area of sec-
tion L3
c0 320 m/s Atmospheric speed of sound
a 4 m Vent width
b 20 m Vent length
umax 1.20− 2.40 m/s Maximum source particle
velocity
γ 2 Exponential decay constant
n 2 Integer constant
Table 8: Parameters allowed to vary during NM optimization for the three-layered reso-
nant conduit model. Similar starting and bounding values are used for all chugging data.
Parameter Initial value Lower boundary Upper Boundary
L1 (m) 15 2 30
L2 (m) 20 2 30
L3 (m) 20 2 30
c1 (m) 50 10 250
c2 (m) 50 10 250
c3 (m) 1500 1000 2500
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APPENDIX C: OUTPUT MODEL PARAMETERS
Table 9: Layered resonant conduit model output parameters for individual chugging
episodes at Karymksy volcano. Output values are plotted in Figure 14.
Param Mean St. Dev.
L1 (m) 21.223 6.787
L2 (m) 22.304 5.825
L3 (m) 22.388 5.067
c1 (m/s) 129.864 61.265
c2 (m/s) 76.254 41.956
c3 (m/s) 1407.574 280.563
Table 10: Gas pocket model output parameters for individual chugging episodes at
Karymksy volcano. Output values are plotted in Figure 13.
Param Mean St. Dev.
L (m) 20.175 4.116
D (m) 4.9982× 10−2 5.718× 10−5
κ (m2) 5.000054× 10−9 8.808× 10−14
Table 11: Layered resonant conduit model output parameters for individual chugging
episodes at Tungurahua volcano. Output values are plotted in Figure 16.
Param Mean St. Dev.
L1 (m) 19.817 2.030
L2 (m) 21.677 2.860
L3 (m) 23.860 1.681
c1 (m/s) 57.709 54.493
c2 (m/s) 96.968 49.079
c3 (m/s) 1843.546 180.465
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Table 12: Gas pocket model output parameters for individual chugging episodes at Tun-
gurahua volcano. Output values are plotted in Figure 15.
Param Mean St. Dev.
L (m) 16.376 2.097
D (m) 5.00× 10−2 1.499× 10−13
κ (m2) 5.00× 10−9 1.242× 10−19
Table 13: Layered resonant conduit model output parameters for individual chugging
episodes at Fuego volcano. Output values are plotted in Figure 18.
Param Mean St. Dev.
L1 (m) 21.095 5.473
L2 (m) 20.103 6.522
L3 (m) 21.871 5.930
c1 (m/s) 53.187 35.903
c2 (m/s) 63.377 32.609
c3 (m/s) 1868.271 266.979
Table 14: Gas pocket model output parameters for individual chugging episodes at
Fuego volcano. Output values are plotted in Figure 17.
Param Mean St. Dev.
L (m) 22.165 6.203
D (m) 5.00× 10−2 1.35× 10−11
κ (m2) 5.00× 10−9 4.93× 10−18
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APPENDIX D: PLOTTED MODEL RESULTS
Figure 13: Output parameters determined by the gas pocket model after Nedler-Mead
optimization at station KAR1. Dimensions of the parameters are meters for L and D and
m2 for κ. Values are summarized in Table 10.
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Figure 14: Output parameters determined by the gas pocket model after Nedler-Mead
optimization at station KAR1. Dimensions of the parameters are meters for Li and m/s
for ci. Values are summarized in Table 9.
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Figure 15: Output parameters determined by the gas pocket model after Nedler-Mead
optimization. 6 chugging sequences were recorded at each Tungurahua station. Model
outputs are organized by station with gray dashed lines and labeled in green. Dimensions
of the parameters are meters for L and D and m2 for κ. Values are summarized in Table
12.
52
Figure 16: Output parameters determined by the gas pocket model after Nedler-Mead
optimization. 6 chugging sequences were recorded at each Tungurahua station. Model
outputs are organized by station with gray dashed lines and labeled in green. Dimensions
of the parameters are meters for Li and m/s for ci. Chugging events were not detected by
some stations. Values are summarized in Table 11.
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Figure 17: Output parameters determined by the gas pocket model after Nedler-Mead
optimization at Fuego. Model outputs are organized by station with gray dashed lines
and labeled in green. Dimensions of the parameters are meters for L and D and m2 for κ.
Chugging events were not detected by some stations. Values are summarized in Table 14.
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Figure 18: Output parameters determined by the gas pocket model after Nedler-Mead
optimization at Fuego. Model outputs are organized by station with gray dashed lines
and labeled in green. Dimensions of the parameters are meters for Li and m/s for ci. Val-
ues are summarized in Table 13.
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APPENDIX E: R ALGORITHMS AND FUNCTIONS
E-1: Three-layered Conduit Model Code
Synthetic results for the three-layered conduit model from Garcés (1997) are cal-
culated in R using the function garcestest. This function requires two arguments for the
input parameters, par and ginfo, and two logical arguments, plot and optim indicat-
ing whether the function should produce a plot of the output and whether the func-
tion is being used in an optimization algorithm, respectively. If the optim argument is
set as TRUE, then the function will only output an objection function to be minimized.
The par argument must be a vector containing the initial parameters Li and ci for the
model. These parameters must be in order from the top layer to the bottom layer with
the length values first. The ginfo argument must be a list the time series tremor data
$dat, time $tt, the sampling interval $dt, the filter band $filter, a logical parameter
indicating whether the relaxation times should be calculated from the viscosity or pro-
vided as input values $visc, and the receiver distance $r in meters. To optimized with
the Nelder-Mead method, the following code can be used for infrasound data in the GH













sel = which(GH$COMPS=="I" | GH$COMPS=="1" | GH$COMPS=="F")
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sel1 = sel[s]
Fdef = list(ON=FALSE , fl=fl, fh=fh, type="BP",
proto="BU", RM=FALSE , zp=TRUE )
KF = FILT.SEISN(GH, FILT=Fdef)
ddd = WINGH(KF,sel=sel1 , WIN=wink5)$JSTR [[1]]
dff = abs(Re(fft(ddd)))
ddf = (dff -min(dff))/(max(dff)-min(dff))
tt = seq(0, by=KF$dt[4], length=length(ddd))
ff = c(KF$filter$fl,KF$filter$fh)
F = (0:( length(tt) -1))*(1/KF$dt[sel1])/length(tt)
ppa = which(peak(ddd , span =50)==TRUE)
pp = ppa[which(ddd[ppa ] >0.001)]
ginfo=list(dat=ddd , time=tt, dt=KF$dt[sel1], filter=ff,
visc=TRUE , optim=TRUE , r=500)
xcond=c(10, 20, 25, 60, 60, 150)
lowg = as.vector( c(2, 2, 2, 10, 50, 100) )
upg = as.vector( c(30, 30, 30, 250, 250, 500) )
gnmk = dfoptim ::nmkb(par=xcond , fn=garcestest , lower=lowg ,
upper=upg , ginfo=ginfo , plot=FALSE , optim=TRUE ,
control=list(trace=TRUE))
parc = as.matrix(gnmk$par)
gopt = garcestest(par=parc , ginfo=ginfo , plot=FALSE , optim=FALSE)
The function will return a list in gopt after optimization using the nmkb function
the package dfoptim with modeled time series values $ts and its spectrum $ft. The
code for the garcestest function is found below:
### source('/home/julian/WORK/Tremor/Garces/garcestest.R')





fl = ginfo$filter [1]




























c1=c1, c2=c2, c3=c3, c=c,
rho1=rho1 , rho2=rho2 ,rho3=rho3 , rho=rho ,
mu1=mu1 , mu2=mu2 , mu3=mu3 , mub=mub ,









S1=S1 , S2=S2, S3=S3,
c1=c1, c2=c2, c3=c3, c=c,
rho1=rho1 , rho2=rho2 ,
rho3=rho3 , rho=rho ,
tau1=tau1 , tau2=tau2 ,
tau3=tau3 ,
r=r, umax=umax , a=a, b=b)
}
###=================================================







f = (0:( length(t) -1))*(fs)/length(t)
N = length(t)
ftabs = RSEIS:: envelope(data)
ft = (ftabs -min(ftabs))/(max(ftabs)-min(ftabs))
set.seed (10)




Wb = signal :: butter(n=2, W=W1*dt*2, type='low')
u1 = (umax+(ur*GAMMA))*ft












z = seq(0, L, length=length(f))
theta=-z/r
### Sinc function (required if not already defined)






### Modal structure of the acoustic field in the magma
conduit
###===========================




sy = synthpa(f=f, D=D, params=params , geom="rect")
dn = sy$transient$spectrum
y = (dn[!is.na(dn)])




if(is.null(fl) == TRUE | is.null(fh) == TRUE) {
stop("filtering band must be defined")
}
fmt = signal :: butter(n=2, W=c(fl*2*dt, fh*2*dt),
type="pass")




mfx = Mod(fx); mfi = (mfx -min(mfx))/(max(mfx)-min(mfx))
mtx = Mod(tx); mti = (mtx -min(mtx))/(max(mtx)-min(mtx))
tres = sum( (max(data)-max(Re(uut)))^2 )
fres = sum(Mod(fx)-Mod(tx))^2
fxlen = 1: length(fx)
tdlen = 1: length(data)
tulen = 1: length(uut)
txlen = 1: length(tx)
av = c(mfi , mti)
mav = max(av)
xe = row.names(abb)





magicaxis :: magplot(t[tdlen], data , type='l', main='
Tremor signal ',
ylab='Pa',xlab=paste('Time (s); Filtered: ',
fl[1],'-',fh[1],'Hz'), cex.lab=1.2, cex.axis
=1.4)
magicaxis :: magplot(t[tulen], Re(uut), type='l', main='
Synthetic ',
ylab='Pa',xlab="", cex.lab=1.2, cex.axis =1.4)
#mtext(paste('Time (s); Filtered: ', fl[1],'-',fh
[1],'Hz',
#'\nParams: ~',cdi ,'\nOrder:',ton), side=1, line =5.5,
cex =1.2)
magicaxis :: magplot(f[fxlen], mfi , type='l', xaxs='i',
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main='Fourier spectra: Red=synthetic , Black=observed ',
xlim=c(0,10), ylim=c(0,mav),
xlab='Frequency (Hz)', ylab=
"Normalized Amplitude", cex.lab=1.2, cex.axis
=1.4)




if(optim == TRUE) {
tres
} else {




E-2: Oscillating Gas Pocket Model Code
Synthetic results for the oscillating gas pocket model from Girona et al. (2019)
are calculated in R using the function gchtest. This function requires three arguments
for the input parameters, par, pinfo, and out, and two logical arguments, plot and
optim indicating whether the function should produce a plot of the output and whether
the function is being used in an optimization algorithm, respectively. If the optim argu-
ment is set as TRUE, then the function will only output an objection function to be min-
imized. The par argument must be a vector containing the initial parameters L, D and
κ for the model. These parameters must be in the order listed for the model to work.
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The pinfo argument must be a list the time series tremor data $dat, time $tt, the
sampling interval $dt, the gas impulse time $t0, the amplitude at the time of gas im-
pulse $amp, and the filter band $filter. To optimized with the Nelder-Mead method,












sel = which(GH$COMPS=="I" | GH$COMPS=="1" | GH$COMPS=="F")
sel1 = sel[s]
Fdef = list(ON=FALSE , fl=fl, fh=fh, type="BP",
proto="BU", RM=FALSE , zp=TRUE )
KF = FILT.SEISN(GH, FILT=Fdef)
ddd = WINGH(KF,sel=sel1 , WIN=wink5)$JSTR [[1]]
dff = abs(Re(fft(ddd)))
ddf = (dff -min(dff))/(max(dff)-min(dff))
tt = seq(0, by=KF$dt[4], length=length(ddd))
ff = c(KF$filter$fl,KF$filter$fh)
F = (0:( length(tt) -1))*(1/KF$dt[sel1])/length(tt)
ppa = which(peak(ddd , span =50)==TRUE)
pp = ppa[which(ddd[ppa ] >0.001)]




lowp = c(15 ,0.01 ,0.5e-8)
upp = c(30 ,0.05 ,2e-8)
gnmk = dfoptim ::nmkb(par=xpock , fn=gchtest , lower=lowp , upper=upp ,
pinfo=pinfo , plot=FALSE , optim=TRUE , control=list(trace=TRUE))
gpar = gnmk$par
ggch = gchtest(gpar , pinfo=pinfo , optim=FALSE , plot=FALSE)
The function will return a list in gopt after optimization using the nmkb function
the package dfoptim with modeled time series values $P and its spectrum $FS. The ex-
citation mechanism $Aexc and resonance wavelet $Ares are also included. The code for
the gchtest function is found below:
### source(file='/home/julian/WORK/Tremor/Girona/gchtest.R')
































## Coefficients of the harmonic oscillator
##=========================================
GAMMA0 =1;
GAMMA1 =(2*(beta_a *beta_d+beta_b *beta_e )*L+beta_a *
beta_b *L^2)/(2*beta_a );






## Natural frequency and critical thickeness
##===========================================
fn=sqrt((sqrt(( GAMMA2*gamma0 ^2+ gamma1 ^2)^2-GAMMA1 ^2*
gamma0 ^2*







#print(paste('Natural frequency of the oscillator is: ',
#round(fn, digits =4), ' Hz '))
#print(paste('Critical thickness of the gas pocket: ',



























t=seq(0, tau , by=dt)
N=length(pinfo$t0)





## heaviside function for next calculations
heaviside <- function(x, a=0) {










OMEGA=sqrt(abs((4*GAMMA0*GAMMA2 -GAMMA1 ^2)/(4*GAMMA2 ^2)));
aux = matrix(ncol=N,nrow=length(t), data =0)
A_aux = rep(0, length=length(t))
for (k in 1:N) {





















































Fft = (X - min(X))/(max(X) - min(X))













Aexc=A_exc , Ares=A_res ,
t=t, f=freq_teo ,
t0=t0, Qn=qn, N=N,





Aexc=A_exc , Ares=A_res , t=t, f=freq_teo ,




## Plot options: "FINAL", "COMP", "AEXC", "DAT", "MODONLY"
##====================================================
fl = pinfo$filter [1]
fh = pinfo$filter [2]
lfe = length(abs(Re(A_exc)))/2
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Llab = signif(L, digits =2)
Dlab = signif(D, digits =2)
klab = signif(kappa ,digits =2)
mlab1 = bquote('L='*.(Llab)*'m; D='*.(Dlab)*'m;'~kappa*'='*.(
klab)*'m'^2)
mlab2 = bquote('F'[nat]*'='*.(round(fn,digits =2))*













plot(t, Re(DP/P0), type='l', ylab=expression(paste(
Delta , 'P/P'[0], sep='')), lwd=0.5, cex.axis=cxam ,
cex.lab=cxlm , frame.plot=FALSE , mgp=c(5,1,.5), xlab=''
)
mtext(side=1, text=paste('Time (s); ',fl,
' - ',fh,'Hz',





'Amplitude (normalized)', xlim=c(0,10), lwd
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=0.5,
cex.axis=cxam , cex.lab=cxlm , frame.plot=FALSE ,
mgp=c(5,1,.5), xlab='')






plot(t, pinfo$dat , type='l',xlab='',ylab='Pa', lwd=0.5,
cex.axis=cxa , cex.lab=cxl , frame.plot=FALSE ,
mgp=c(6,1,.5))
points(pinfo$t0, pinfo$amp)
text(x=0,y=0.009 , labels='(a)', cex=cxlm*2)
par(mar=c(4,9,4,2))
plot(t, Re(Afexc), type='l', ylab=expression(paste(
Delta ,
'P/P'[0], sep='')), xlab='', lwd=0.5, cex.axis
=cxa ,
cex.lab=cxl , frame.plot=FALSE , mgp=c(6,1,.5))
text(x=0,y=0.009 , labels='(b)', cex=cxlm*2)
#mtext(side=1, text='Time (s)', line =3.5, cex=cxlm)
#title(main='Excitation from Impulses ', cex.main=cxt)
par(mar=c(4,9,2,2))
#plot(freq_teo[1:lfe], abs(Re(A_exc))[1:lfe], type='l',
# xlab='', ylab='Aexc ', lwd=0.5, cex.axis=cxa ,
# cex.lab=cxl , frame.plot=FALSE , mgp=c(6,1,.5))
#mtext(side=1, text='F (Hz)', line =3.5, cex=cxlm)
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par(mar=c(5,9,2,2))
plot(t0, qn, type='p', cex=0.5, pch=20, xlim=c(0,max(t)
),
cex.axis=cxa , cex.lab=cxl , frame.plot=FALSE ,
mgp=c(6,1,.5), ylab='Q (kg/s)',xlab='')
mtext(side=1, text='Time (s)', line =3.5, cex=cxlm)






plot(t, Re(DP/P0), type='l', ylab=expression(paste(
Delta ,
'P/P'[0], sep='')), lwd=0.5, cex.axis=cxa ,
cex.lab=
cxl , xlab='', frame.plot=FALSE , mgp=c(6,1,.5)
)
title(main='Synthetic Result ', cex.main=cxt)
par(mar=c(4,9,2,2))
plot(t, Re(Afexc), type='l', ylab=expression(paste(
Delta ,
'P/P'[0], sep='')), lwd=0.5, cex.axis=cxa ,
cex.lab=
cxt , xlab='', frame.plot=FALSE , mgp=c
(6,1,.5))
title(main='Mass Impulses ', cex.main=cxt)
par(mar=c(5,9,2,2))
plot(t, Re(Afres), type='l', xlab='', ylab=
expression(paste(Delta ,'P/P'[0], sep='')),
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lwd=0.5, cex.axis=cxa , cex.lab=cxl ,
frame.plot=FALSE , mgp=c(6,1,.5))
mtext(side=1, text='Time (s)', line =3.5, cex=cxlm)






plot(t, QP, type='l', ylab=expression(paste(Delta ,
'P/P'[0], sep='')), lwd=0.5, ylim=c(miqp ,maqp
),




plot(t, pinfo$dat , type='l', ylab='Pa', lwd=0.5,
cex.axis=cxa , cex.lab=cxl , frame.plot=FALSE ,
mgp=c(6,1,.5), xlab='')
mtext(side=1, text=paste('Time (s); ',fl,' - ',fh ,'Hz',
sep=''), line =3.5, cex=cxlm)
title(main='Data', cex.main=cxt)
par(mar=c(5,9,3,2))
plot(freq_teo , abs(Re(Fft)), type='l', xlab='',
ylab='Amplitude (normalized)', lwd=0.5, col=
'black', xlim=c(0,10), cex.axis=cxa , cex.lab=
cxl ,
frame.plot=FALSE , mgp=c(6,1,.5))
lines(freq_teo , abs(A_p)/max(abs(A_p)), col='red', lwd
=0.5)




if(type == "MODONLY" & MODONLY == TRUE){
par(mfrow=c(2,1))
par(mar=c(4,8,4,2))
plot(t, Re(DP/P0), type='l', xlab='', ylab=
expression(paste(Delta ,'P/P'[0], sep='')),
cex.axis=cxam , cex.lab=cxlm , frame.plot=FALSE ,
lwd=0.5, mgp=c(5,1,.5))
mtext(side=1, text='Time (s)', line =3.5, cex=cxlm)
par(mar=c(5,8,2,2))
plot(freq_teo , abs(A_p)/max(abs(A_p)), type='l', xlab='
',
ylab='Amplitude (normalized)', xlim=c(0,10),
lwd=0.5, cex.axis=cxam , cex.lab=cxlm ,
frame.plot=FALSE , mgp=c(5,1,.5))





mtext(mlab1 , adj=1, line =0.2, side=3, cex=cxout)
mtext(mlab2 , adj=1, side=3, line=-1.1, cex=cxout)
}




APPENDIX F: SYNTHETIC TIME SERIES RESULTS
F-1: Karymksy
Figure 19: Model output for Karymksy volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 20: Model output for Karymksy volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 21: Model output for Karymksy volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 22: Model output for Karymksy volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 23: Model output for Karymksy volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 24: Model output for Karymksy volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 25: Model output for Karymksy volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 26: Model output for Karymksy volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 27: Model output for Karymksy volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 28: Model output for Karymksy volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 29: Model output for Karymksy volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 30: Model output for Karymksy volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are




Figure 31: Model output for Tungurahua volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 32: Model output for Tungurahua volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 33: Model output for Tungurahua volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 34: Model output for Tungurahua volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 35: Model output for Tungurahua volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 36: Model output for Tungurahua volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 37: Model output for Tungurahua volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 38: Model output for Tungurahua volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 39: Model output for Tungurahua volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 40: Model output for Tungurahua volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 41: Model output for Tungurahua volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 42: Model output for Tungurahua volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 43: Model output for Tungurahua volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 44: Model output for Tungurahua volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 45: Model output for Tungurahua volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 46: Model output for Tungurahua volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 47: Model output for Tungurahua volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 48: Model output for Tungurahua volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 49: Model output for Tungurahua volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 50: Model output for Tungurahua volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 51: Model output for Tungurahua volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 52: Model output for Tungurahua volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 53: Model output for Tungurahua volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 54: Model output for Tungurahua volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 55: Model output for Tungurahua volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 56: Model output for Tungurahua volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 57: Model output for Tungurahua volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
116
Figure 58: Model output for Tungurahua volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 59: Model output for Tungurahua volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are
also given for each time series. The recording station and time of detection is provided in
the right panel.
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Figure 60: Model output for Tungurahua volcano. The recorded chugging signal is pro-
vided on the left, the oscillating gas pocket model synthetic signal in the center, and the
layered resonant conduit synthetic signal on the right. Normalized amplitude spectra are




Figure 61: Model output for Fuego volcano. The recorded chugging signal is provided
on the left, the oscillating gas pocket model synthetic signal in the center, and the layered
resonant conduit synthetic signal on the right. Normalized amplitude spectra are also
given for each time series. The recording station and time of detection is provided in the
right panel.
120
Figure 62: Model output for Fuego volcano. The recorded chugging signal is provided
on the left, the oscillating gas pocket model synthetic signal in the center, and the layered
resonant conduit synthetic signal on the right. Normalized amplitude spectra are also
given for each time series. The recording station and time of detection is provided in the
right panel.
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Figure 63: Model output for Fuego volcano. The recorded chugging signal is provided
on the left, the oscillating gas pocket model synthetic signal in the center, and the layered
resonant conduit synthetic signal on the right. Normalized amplitude spectra are also
given for each time series. The recording station and time of detection is provided in the
right panel.
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Figure 64: Model output for Fuego volcano. The recorded chugging signal is provided
on the left, the oscillating gas pocket model synthetic signal in the center, and the layered
resonant conduit synthetic signal on the right. Normalized amplitude spectra are also
given for each time series. The recording station and time of detection is provided in the
right panel.
123
Figure 65: Model output for Fuego volcano. The recorded chugging signal is provided
on the left, the oscillating gas pocket model synthetic signal in the center, and the layered
resonant conduit synthetic signal on the right. Normalized amplitude spectra are also
given for each time series. The recording station and time of detection is provided in the
right panel.
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Figure 66: Model output for Fuego volcano. The recorded chugging signal is provided
on the left, the oscillating gas pocket model synthetic signal in the center, and the layered
resonant conduit synthetic signal on the right. Normalized amplitude spectra are also
given for each time series. The recording station and time of detection is provided in the
right panel.
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Figure 67: Model output for Fuego volcano. The recorded chugging signal is provided
on the left, the oscillating gas pocket model synthetic signal in the center, and the layered
resonant conduit synthetic signal on the right. Normalized amplitude spectra are also
given for each time series. The recording station and time of detection is provided in the
right panel.
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Figure 68: Model output for Fuego volcano. The recorded chugging signal is provided
on the left, the oscillating gas pocket model synthetic signal in the center, and the layered
resonant conduit synthetic signal on the right. Normalized amplitude spectra are also
given for each time series. The recording station and time of detection is provided in the
right panel.
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Figure 69: Model output for Fuego volcano. The recorded chugging signal is provided
on the left, the oscillating gas pocket model synthetic signal in the center, and the layered
resonant conduit synthetic signal on the right. Normalized amplitude spectra are also
given for each time series. The recording station and time of detection is provided in the
right panel.
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Figure 70: Model output for Fuego volcano. The recorded chugging signal is provided
on the left, the oscillating gas pocket model synthetic signal in the center, and the layered
resonant conduit synthetic signal on the right. Normalized amplitude spectra are also
given for each time series. The recording station and time of detection is provided in the
right panel.
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Figure 71: Model output for Fuego volcano. The recorded chugging signal is provided
on the left, the oscillating gas pocket model synthetic signal in the center, and the layered
resonant conduit synthetic signal on the right. Normalized amplitude spectra are also
given for each time series. The recording station and time of detection is provided in the
right panel.
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Figure 72: Model output for Fuego volcano. The recorded chugging signal is provided
on the left, the oscillating gas pocket model synthetic signal in the center, and the layered
resonant conduit synthetic signal on the right. Normalized amplitude spectra are also
given for each time series. The recording station and time of detection is provided in the
right panel.
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Figure 73: Model output for Fuego volcano. The recorded chugging signal is provided
on the left, the oscillating gas pocket model synthetic signal in the center, and the layered
resonant conduit synthetic signal on the right. Normalized amplitude spectra are also
given for each time series. The recording station and time of detection is provided in the
right panel.
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Figure 74: Model output for Fuego volcano. The recorded chugging signal is provided
on the left, the oscillating gas pocket model synthetic signal in the center, and the layered
resonant conduit synthetic signal on the right. Normalized amplitude spectra are also
given for each time series. The recording station and time of detection is provided in the
right panel.
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Figure 75: Model output for Fuego volcano. The recorded chugging signal is provided
on the left, the oscillating gas pocket model synthetic signal in the center, and the layered
resonant conduit synthetic signal on the right. Normalized amplitude spectra are also
given for each time series. The recording station and time of detection is provided in the
right panel.
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Figure 76: Model output for Fuego volcano. The recorded chugging signal is provided
on the left, the oscillating gas pocket model synthetic signal in the center, and the layered
resonant conduit synthetic signal on the right. Normalized amplitude spectra are also
given for each time series. The recording station and time of detection is provided in the
right panel.
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Figure 77: Model output for Fuego volcano. The recorded chugging signal is provided
on the left, the oscillating gas pocket model synthetic signal in the center, and the layered
resonant conduit synthetic signal on the right. Normalized amplitude spectra are also
given for each time series. The recording station and time of detection is provided in the
right panel.
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Figure 78: Model output for Fuego volcano. The recorded chugging signal is provided
on the left, the oscillating gas pocket model synthetic signal in the center, and the layered
resonant conduit synthetic signal on the right. Normalized amplitude spectra are also
given for each time series. The recording station and time of detection is provided in the
right panel.
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Figure 79: Model output for Fuego volcano. The recorded chugging signal is provided
on the left, the oscillating gas pocket model synthetic signal in the center, and the layered
resonant conduit synthetic signal on the right. Normalized amplitude spectra are also
given for each time series. The recording station and time of detection is provided in the
right panel.
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Figure 80: Model output for Fuego volcano. The recorded chugging signal is provided
on the left, the oscillating gas pocket model synthetic signal in the center, and the layered
resonant conduit synthetic signal on the right. Normalized amplitude spectra are also
given for each time series. The recording station and time of detection is provided in the
right panel.
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Figure 81: Model output for Fuego volcano. The recorded chugging signal is provided
on the left, the oscillating gas pocket model synthetic signal in the center, and the layered
resonant conduit synthetic signal on the right. Normalized amplitude spectra are also
given for each time series. The recording station and time of detection is provided in the
right panel.
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Figure 82: Model output for Fuego volcano. The recorded chugging signal is provided
on the left, the oscillating gas pocket model synthetic signal in the center, and the layered
resonant conduit synthetic signal on the right. Normalized amplitude spectra are also
given for each time series. The recording station and time of detection is provided in the
right panel.
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Figure 83: Model output for Fuego volcano. The recorded chugging signal is provided
on the left, the oscillating gas pocket model synthetic signal in the center, and the layered
resonant conduit synthetic signal on the right. Normalized amplitude spectra are also
given for each time series. The recording station and time of detection is provided in the
right panel.
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Figure 84: Model output for Fuego volcano. The recorded chugging signal is provided
on the left, the oscillating gas pocket model synthetic signal in the center, and the layered
resonant conduit synthetic signal on the right. Normalized amplitude spectra are also
given for each time series. The recording station and time of detection is provided in the
right panel.
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Figure 85: Model output for Fuego volcano. The recorded chugging signal is provided
on the left, the oscillating gas pocket model synthetic signal in the center, and the layered
resonant conduit synthetic signal on the right. Normalized amplitude spectra are also
given for each time series. The recording station and time of detection is provided in the
right panel.
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Figure 86: Model output for Fuego volcano. The recorded chugging signal is provided
on the left, the oscillating gas pocket model synthetic signal in the center, and the layered
resonant conduit synthetic signal on the right. Normalized amplitude spectra are also
given for each time series. The recording station and time of detection is provided in the
right panel.
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Figure 87: Model output for Fuego volcano. The recorded chugging signal is provided
on the left, the oscillating gas pocket model synthetic signal in the center, and the layered
resonant conduit synthetic signal on the right. Normalized amplitude spectra are also
given for each time series. The recording station and time of detection is provided in the
right panel.
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Figure 88: Model output for Fuego volcano. The recorded chugging signal is provided
on the left, the oscillating gas pocket model synthetic signal in the center, and the layered
resonant conduit synthetic signal on the right. Normalized amplitude spectra are also
given for each time series. The recording station and time of detection is provided in the
right panel.
147
Figure 89: Model output for Fuego volcano. The recorded chugging signal is provided
on the left, the oscillating gas pocket model synthetic signal in the center, and the layered
resonant conduit synthetic signal on the right. Normalized amplitude spectra are also
given for each time series. The recording station and time of detection is provided in the
right panel.
148
Figure 90: Model output for Fuego volcano. The recorded chugging signal is provided
on the left, the oscillating gas pocket model synthetic signal in the center, and the layered
resonant conduit synthetic signal on the right. Normalized amplitude spectra are also
given for each time series. The recording station and time of detection is provided in the
right panel.
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Figure 91: Model output for Fuego volcano. The recorded chugging signal is provided
on the left, the oscillating gas pocket model synthetic signal in the center, and the layered
resonant conduit synthetic signal on the right. Normalized amplitude spectra are also
given for each time series. The recording station and time of detection is provided in the
right panel.
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Figure 92: Model output for Fuego volcano. The recorded chugging signal is provided
on the left, the oscillating gas pocket model synthetic signal in the center, and the layered
resonant conduit synthetic signal on the right. Normalized amplitude spectra are also
given for each time series. The recording station and time of detection is provided in the
right panel.
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Figure 93: Model output for Fuego volcano. The recorded chugging signal is provided
on the left, the oscillating gas pocket model synthetic signal in the center, and the layered
resonant conduit synthetic signal on the right. Normalized amplitude spectra are also
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